Josephson junctions with s-wave superconductors (S) and multiple ferromagnetic (F) layers carry spin-triplet supercurrents in the presence of magnetically inhomogeneous spin-mixer interfaces. Here, we report magnetic Josephson junctions with exchange-spring and double exchange-spring ("spin-mixer") Co/Py interfaces. At the Co/Py interface, exchange coupling is strong with respect to the magnetic anisotropy of Py and so, depending on the direction and magnitude of an external magnetic field, a non-collinear magnetic structure forms in Py creating the necessary magnetic inhomogeneity for singlet-to-triplet pair conversion. We detect supercurrents through Py with a thickness exceeding 10 nm, which is much larger than the singlet pair coherence length, suggesting the propagation of magnetically tuneable triplet supercurrents. 1 arXiv:1907.08406v1 [cond-mat.supr-con]
Spin-singlet Cooper pairs rapidly decay within a few nanometers in a ferromagnet due to the depairing effect of a magnetic exchange field 1 . Over a decade ago spin-singlet-to-spin-triplet conversion was predicted at magnetically inhomogeneous superconductor(S)/ferromagnet(F) interfaces 2 .
If the magnetization at the interface is parallel to the magnetization of the F layer, spin-zero triplet pairs form through a spin-mixing process [3] [4] [5] . The decay length of spin-zero triplets match spinsinglets in Fs but spin-triplets are rotationally variant and hence, if the interface magnetization is misaligned with respect to the F, spin-polarized triplet pairs form through a spin-rotation process and these are long-ranged in the F [3] [4] [5] . Spin-triplet pair correlations are odd in frequency and even in orbital angular momentum, and, therefore are insensitive to impurity scattering [3] [4] [5] .
Triplet supercurrents carry a net spin in addition to charge and so their creation is key to superconducting spintronics 3 . The first experimental demonstration of spin-triplet supercurrents was reported in the half-metallic ferromagnet CrO 2 by Keizer et al. 6 in 2006. Later, several other groups reported triplet supercurrents in all-metallic Josephson junctions with transition metal Fs with different types of spin-mixer interfaces [6] [7] [8] [9] [10] [11] [12] [13] . Khaire et al. 7 used PdNi as a spin-mixer, while Robinson et al. 8 used Ho. More recently, triplet pairing has also been demonstrated in spin-pumping experiments which involve Pt/Nb/Py multilayer 14, 15 .
All previous triplet junction experiments are broadly based on SF FF S Josephson junctions 16 in which the magnetizations of F and F are misaligned with respect to each other. In a SF FF S junction, one F /F interface converts singlet pairs to triplet pairs while the second F/F interface performs the opposite process, establishing Josephson coupling between the S layers. In an asym-metric SF FS junction, the first F /F interface converts singlet pairs to triplet pairs, but triplet pairs decay in S over a singlet coherence length. Therefore, the mechanism for Josephson coupling in asymmetric junctions is unclear although theoretical reports 17, 18 propose that Josephson coupling is established through a double Andreev reflection process.
Control and tuning of triplet supercurrent generation is an important goal for applications. To control triplet supercurrents in S/F/S junctions, it is advantageous to be able to tune the degree of magnetic inhomogeneity present at S/F interfaces. Magnetic exchange-spring (XS) interfaces have the potential to offer such control 27 and consist of neighboring magnetically hard and soft ferromagnetic materials in which a non-collinear magnetic structure is formed in the magnetically soft layer with small (<50 mT) external magnetic fields 28 . The non-collinear magnetic structures are tuneable as a function of the direction of applied magnetic field as recently demonstrated in SmFe/Py 29 and SmCo/Py 30 , albeit using large magnetic fields (≥300 mT).
Here, we report supercurrent-control in Josephson junctions with symmetric and asymmetric
Co/Py XS interfaces in which long-range Josephson coupling is observed over Py thickness of 11 nm, which is an order of magnitude larger than the singlet coherence length in Py (∼ 1.4 nm) 31, 32 .
The maximum Josephson critical current is also dependent on magnetic field orientation.
Results
Magnetic characterization. to different non-collinear magnetic structures in Co/Py. When singlet supercurrent passes through the magnetic structure having a particular twist, corresponding to a specific θ, a fraction of the singlet supercurrent converts to a triplet supercurrent. We observe a minimum I c at ∼0
• and ∼180
• whereas maximum I c corresponds to ∼90
• and ∼270
• of applied magnetic field as shown in Fig.   2 (b). The twisting of the non-collinear magnetic structure may be a maximum at certain angles,
giving maximum triplet supercurrent, as reported earlier 29 . We note that I c (θ) does not drop to zero, which implies residual magnetic non-collinearity between Co and Py, most likely due to the fact that the magnetic energy of the nanopillar is minimized by reducing the magnetic flux due to stray fields 36 . The total magnetic energy of the nanopillar will therefore be minimised by trying to align the Co and Py antiparallel to reduce magnetostatic fields. This behavior is confirmed from 5 measurements of I c (H) which tend to show a slow fall-off of I c with H and the maximum I c is near H = 0 implying negligible barrier flux.
These junctions follow the standard S/F'/F/F'/S device geometry proposed by Houzet and Buzdin 16 , but in comparison to previous reports 8, 10, 12 the source of non-collinearity in these junctions is the non-collinear magnetic structure formed in Py.
Exchange-spring junction characteristics. Fig. 2(b) . At 0 mT, the resistance is at a minimum and hence I c is a maximum. This can be explained due to a remnant non-collinear twist at 0 field [ Fig. 3(e) ], resulting in a higher critical current.
Discussion
We also investigated Nb/Py(6nm)/Nb control Josephson junctions in which no magnetic inhomogeneity is present. As shown in Fig. 4 I c R N for Co/Py junctions reduces to zero beyond 11 nm of Py, most likely due to the destruction of the spin-triplet correlations beyond the spin diffusion length (∼ 5-10 nm) 37, 38 of Py. The spin diffusion length is the distance over which electrons maintain spin-orientation. In the dirty limit, the decay length of spin-singlet supercurrents in F is given by 1 ξ F = hD F /E ex , where D F is the diffusion coefficient and E ex is the exchange energy within F. From previous reports 7, 8 , the decay length of spin-triplet supercurrents is limited by the spin diffusion length,
which is ∼ 5 − 10 nm in Py 37, 38 and ∼60 nm in Co 37 .
We now compare I c R N of asymmetric Nb/Co/Py/Nb with symmetric Nb/Py/Co/Py/Nb junctions. In Nb/Py/Co/Py/Nb junctions, there is a magnetically non-collinear structure at both Nb/Py interfaces. We observe a slow decay of I c R N for symmetric as well as for asymmetric junctions. 
Conclusion
We have demonstrated triplet-supercurrent-control with magnetic field orientation in junctions containing Co/Py XS interfaces. XS interfaces pave the way to future experiments where the ground-8 state phase difference across the junction can be controlled by changing magnetic configuration.
Another key finding of this work is that the triplet supercurrents exists in asymmetric as well as symmetric Josephson junctions. Finally, supercurrents are detected in Py over ∼11 nm, which is comparable to the spin-diffusion length in Py of (5-10 nm) 37, 38 .
Methods
Film Growth. Thin films of Nb(220 nm)/Co(2 nm)/Py(0-13 nm)/Nb(220 nm) and Nb(220 nm)/Py(1- 
